Abstract-Measuring the concentration of furfuraldehyde (FFA) within oil samples taken periodically from power transformers is usually carried out as a means of condition monitoring. Normally, laboratory-based techniques such as high performance liquid chromatography are applied for this measurement. We report the construction of a novel optoelectronic sensor for the determination of FFA in transformer oils to concentrations as low as 0.1 ppm. The sensor will form the basis of a compact and portable instrument that can be used by a nonspecialist operator to determine, on-site, the concentration of FFA in oil extracted from the transformer.
I
N the field of electrical energy generation and distribution, cost of a new plant is a key consideration for the utilities. In order to minimize capital expenditure on new plants it is common policy to maximize the use of existing plants by operating close to the limits of their design. Equipment maintenance is also of major importance. In their maintenance programs, utilities are striving to improve reliability and also to minimize scheduled outages. The cyclic approach to maintenance is giving way to condition-based maintenance whereby the condition of the equipment is monitored and maintenance is only carried out when necessary. The primary purpose of condition monitoring and equipment surveillance is to detect the first signs of an incipient fault, ageing development or other problems, and to monitor their evolution in order to enable the operator to take appropriate action and avoid major failure.
Power transformers are subject to regular inspection and maintenance procedures to ensure their smooth, continuous operation. The windings of such transformers have paper insulation. The insulated windings are subsequently immersed in oil, the latter acting as both coolant and dielectric. During the operation of the transformer the temperature of the windings increases, and as a result the cellulose chains in the paper insulation of the windings will cleave. This process results in adverse effects on the insulating performance of the paper as described below. Accompanying this paper degradation is the release of the chemical compound furfuraldehyde (FFA) into the oil [1] . FFA is a by-product specific to the thermal degradation of the insulation paper and cannot be produced by the oil. Transformer winding paper begins to degrade measurably at temperatures of about 100-110 C and for every 6 C rise, the degradation rate approximately doubles. The presence of water or oxygen accelerates paper breakdown and accelerates the production of FFA and its derivatives. However, a linear relationship between paper degradation and FFA production still holds even if the paper and oil are heated with or without oxygen and/or water with different types of paper [2] . Depletion in the degree of polymerization is another important consequence of cellulose thermal degradation [3] . Such depletion does not much affect the dielectric properties of paper, at least during the first degradation steps, but it does affect its mechanical properties, increasing the risk of catastrophic failure if small pieces of paper block the transformer cooling conducts. Examples of rising FFA concentration within transformers prior to failure have been reported [4] and subsequent investigation has revealed paper insulation overheating as the cause.
Measurement of the FFA concentration gives an indication of the condition of the paper in terms of the degree of polymerization, while the rate of change of FFA concentration can indicate the rate of ageing of the paper. A statistical survey of 5000 transformers in service in five European countries showed various levels of FFA content in the oil ranging from 0.1 ppm to more than 10 ppm [5] and it was found, not unexpectedly, that older transformers tended to have higher FFA concentrations. The common technique for measuring FFA is to manually extract oil samples periodically from transformers in service and to use laboratory-based techniques such as high performance liquid chromatography (HPLC) [6] to determine the FFA concentration. HPLC, however, is a relatively slow and laborious process required to be conducted by a skilled technician some time after the oil extraction and within a laboratory remote from the site of the transformer. An alternative method has more recently been reported [7] involving reacting FFA with chemicals to produce a colored complex within the solution. Using standard cuvettebased spectroscopy, a linear correlation between the optical absorbance of the complex in solution and the concentration of FFA in the oil has been established, with the color change reaction being specific for only FFA. However, this solutionbased technique also requires a specialized operator working in a laboratory remote from the transformer and involving the use of toxic chemicals. In this paper, we report the detection of FFA in transformer oil at concentrations below 1 ppm using an 0018-9456/98$10.00 © 1998 IEEE optical sensor based on a novel material that has been invented for this task. This material can be incorporated into a portable instrument, or an on-line instrument permanently attached to the transformer structure for continuous FFA measurement.
II. EXPERIMENTAL
The optical sensor is based on the use of a novel solid state material [8] which is formed using the sol-gel process [9] . The precursor methyltrimethoxysilane (MTMS) [10] was doped with aniline acetate and a small sample was placed into the wells of multiwell plates and allowed to gelate and dry for at least one month at room temperature. This resulted in the production of a solid porous glass-like disc doped with aniline acetate with a diameter and thickness of 2 cm and 1 mm, respectively.
When immersed in oil samples containing FFA, these discs acquire a pink color in a matter of a few minutes, and spectroscopy shows that the maximum absorbance is close to 530 nm optical wavelength. An additional observation was that these discs retained their bright pink color when kept immersed in the oil samples (and for approximately one week when removed from the sample) which contrasts with the solutionbased techniques where the color is lost in a matter of minutes [11] .
To construct an optical sensor with the sensitivity required to measure sub ppm concentrations of FFA in transformer oil, several discs were aligned in a row to increase the optical interaction length. Practically, this involves construction of a holder with a row of slits to accommodate the discs. At one end of the holder a window was formed to allow light from a fiber-optic light pipe to pass into the holder and through the row of discs. At the other end of the row of discs, a mirror was positioned to reflect light back along the row of discs. The holder was mounted on a hotplate and stirrer as shown in Fig. 1 . A grating monochromator was used to generate a series of discrete wavelengths which were passed down one arm of a bifurcated light pipe. At the common end of the light pipe, light entered the holder, propagated twice through the discs, and re-entered the light pipe where it was transported via the second arm to a detector. The detector/lock-in-analyzer combination recorded the magnitude of optical signal for each wavelength passing through the discs.
The time taken for a disc to change color in the presence of FFA was found to be dependent on the temperature of the oil. Five discs were aligned in the holder and immersed in oil. The oil was kept at room temperature and several absorption spectra were obtained at half hour intervals to check that the system was stable and not prone to drifting. After this stability test, FFA (0.5 ppm) was then added to the oil surrounding the discs and the system was programmed to automatically interrogate the discs periodically over a time interval. This experiment was repeated for five discs immersed in oil heated to 78 C. Fig. 2 shows the change in the optical absorbance at the wavelength 530 nm with time for these two oil temperatures. In the case of the oil at room temperature, the color change is only 75% complete after 135 min. In contrast, for discs immersed in oil at 78 C (which is approximately the temperature of oil within an operational transformer) the color change is 75% complete after only 34 min. In future experiments with discs immersed in hot oil a time of 45 min between insertion of FFA and the interrogation of the discs was chosen as a suitable interval.
Five new discs were immersed in oil at 80 C, and 0.1 ppm of FFA was added to the oil. After 45 min the discs were optically scanned before another 0.1 ppm of FFA was added and the procedure repeated. Fig. 3 shows the change in wavelength spectra with increasing FFA concentration which demonstrates that the optical sensor can readily detect FFA levels well below 1 ppm. This level of sensitivity is the level required to provide early warning of faults within an operational transformer [12] . The change in transmission appears to be reasonably linear using the 45 min time intervals between scans. A plot of the change in 530 nm wavelength absorbance for these 5 discs, and for eight discs in another experiment, is shown in Fig. 4 , and these do indeed exhibit a largely linear response.
III. CONCLUSIONS
We have demonstrated an optical sensor for FFA detection in transformer oil using a novel material that is both sensitive and has an acceptable response time. The response time is due principally to the thickness of the porous FFA sensitive discs, but by using a greater number of thinner discs, the response time can be further reduced without loss of sensitivity. We have demonstrated the sensor in reflection mode, which uses half the light pipe to deliver the light from a grating monochromator and the other half to collect the light and deliver it to a detector. Obviously there are substantial optical losses using this setup. The long term objective is to replace the bulk optical equipment with a compact optoelectronic system incorporating, for example, 525 nm emitting LED's as the light source and a detection/processing/display electronic system which directly displays the FFA concentration in ppm to a nonspecialist operator. In addition, due to the fact that the solid state sensor retains its color response to FFA and also does not physically degrade after at least six months in oil, it should be possible to develop a continuous monitoring system for FFA which could be permanently installed on the transformer.
